Abstract. Ginsenoside Rb1 (GRb1), one of the major active saponins isolated from ginseng, has recently been reported to protect various organs against ischemia/reperfusion (IR) injury; however, the mechanisms underlying these protective effects following intestinal IR (IIR) remain unclear. The present study aimed to evaluate the effects of GRb1 on IIR injury and determine the mechanisms involved in these effects. Sprague Dawley rats were subjected to 75 min of superior mesenteric artery occlusion, followed by 3 h of reperfusion. GRb1 (15 mg/kg) was administered intraperitoneally 1 h prior to the induction of IIR, with or without intravenous administration of Wortmannin [WM; a phosphoinositide 3-kinase (PI3K) inhibitor, 0.6 mg/kg]. The degree of intestinal injury and oxidative stress-induced damage was determined by histopathologic evaluation and measurement of the serum activity levels of D-lactate, diamine oxidase and endotoxin, and the levels of malondialdehyde (MDA), superoxide dismutase (SOD) and 8-iso-prostaglandin F 2α (8-iso-PGF 2α ).
Introduction
Small intestinal ischemia/reperfusion (IIR) injury is a common and serious pathological condition that occurs during numerous clinical events, including superior mesenteric artery (SMA) occlusion, liver transplantation and hemorrhagic shock (1) . Furthermore, IIR injury may lead to severe damage to remote organs, including the lungs, kidneys and liver, thereby adversely affecting the prognosis of patients (2, 3) . Improved treatments have been increasingly used in clinical settings; however, the morbidity and mortality rates of IIR injury remain high (4) . Consequently, it is urgent to understand the mechanisms underlying IIR injury and identify novel therapeutic approaches in the treatment of this condition.
Ginsenoside Rb1 (GRb1) is a major active ingredient of Panax ginseng C.A. Meyer (Araliaceae family), a traditional herbal medicine that is widely used in Asian countries (5) . GRb1 has been reported to protect various organs from IIR injury due to its antioxidant and antiapoptotic effects (6, 7) . GRb1 increases phosphorylated (p)-protein kinase B (Akt) levels and promotes p-extracellular signal-regulated kinase 1/2-mediated signaling to suppress amyloid β (Aβ)-induced apoptosis (5) , whereas exposure to Aβ leads to the accumulation of reactive oxygen species (ROS) and lipid peroxidation. Furthermore, GRb1 protected neurons against high glucose-induced neurotoxicity by inhibiting oxidative stress and mitochondrial dysfunction (8) ; however, it has not yet been determined whether GRb1 can attenuate IIR injury, and the underlying mechanisms remain unknown.
Phosphoinositide 3-kinase (PI3K), a member of the phospholipid kinase family, serves important roles in the regulation of the apoptosis, proliferation, differentiation and metabolism of cells (9) . The serine-threonine protein kinase Akt is a downstream target of PI3K; when stimulated by extracellular signals, PI3K-activated Akt initiates a cascade of intracellular reactions (10) . PI3K is composed of a regulatory subunit (p85) and a catalytic subunit (p110), and activation of the catalytic subunit depends upon the phosphorylation of p85 (11) . Activation of p85 by phosphorylation leads to the phosphorylation of Akt (12) . Nuclear factor erythroid 2-related factor 2 (Nrf2) is an important regulator of the expression of antioxidant enzymes and enhancement of endogenous antioxidant capacity (13) . Previous studies have reported that the nuclear translocation of Nrf2 requires the activation of the PI3K/Akt pathway (14, 15) ; however, the effects of GRb1 and the associated PI3K/Akt pathway on IIR injury require further investigation.
In the present study, an SMA occlusion/reperfusion model was generated in rats to induce IIR injury and Wortmannin (WM) was used to inhibit the PI3K/Akt signaling pathway. Rats were subsequently treated with GRb1 to investigate whether GRb1 attenuates IIR injury by activating the PI3K/Akt/Nrf2 pathway.
Materials and methods

Animals.
The experimental protocol and design were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University (Guangzhou, China), and were conducted in accordance with the Chinese guidelines for humane treatment of animals (16) . A total of 30 male Sprague Dawley rats (aged 8 weeks, 200-250 g), were purchased from the Animal Center of Guangdong Province (Guangzhou, China). The rats were housed individually in cages under pathogen-free conditions for 1 week prior to surgery, and maintained under controlled temperature (20-23˚C), humidity (45-55%) and light (12:12-h light/dark cycle) conditions with access to food and water ad libitum. The rats were randomized into five groups (n=6 per group): A sham-operated group (Sham); an ischemia/reperfusion (IR) of the intestine group; a GRb1 + IIR group (IR + GRb1); a WM + IIR group (IR + WM) and a GRb1 + WM + IIR group (IR + GRb1 + WM). All rats were anaesthetized via intraperitoneal injection of 10% chloral hydrate (350 mg/kg) (2) following fasting for 16 h prior to the surgical procedure, and the abdomen was opened with a midline incision with animals in the supine position. In the IR group, the abdomen was opened, and the SMA was isolated and clamped for 75 min; then, the clamp was released to maintain the rats for 3 h during reperfusion (17) . For sham treatment, the SMA was isolated but not clamped, and was maintained in this state for the same period during the surgical procedure. In the other three groups, the rats subjected to IIR were intraperitoneally injected with GRb1 (15 mg/kg; Shanghai Tauto Biotech Co., Ltd., Shanghai, China) (18) and/or intravenously injected with WM (0.6 mg/kg; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) (19) 1 h prior to the operation. Conversely, rats of the Sham and IR groups received the same volume physiological saline. During the operation, the body temperature of all rats was maintained at 38˚C using heated pads, and 10 ml/kg physiological saline (37˚C) was injected subcutaneously to minimize the risk of dehydration following closure of the abdomen.
Small intestinal mucosa collection. Following completion of the experiment, the rats were anesthetized via intraperitoneal injection of 10% chloral hydrate (400 mg/kg) (2) and sacrificed by decapitation. A segment (1.0 cm) of intestine was extracted at a point 10 cm from the terminal ileum, fixed in 10% formaldehyde for 24 h at 4˚C, and then embedded in paraffin for sectioning. The remainder of the small intestine was stored at -80˚C until further analysis.
Intestinal histological examination. Slices (5-µm thickness) were prepared from the paraffin-embedded intestinal tissue and stained with hematoxylin and eosin (H&E) at 37˚C for 3 and 5 min, respectively. The extent of damage to the intestinal mucosa was subsequently characterized by two histologists (who were initially blinded to the experiment), according to Chiu's classification (20) . The Chiu grading system criteria comprise 5 subdivisions, according to alterations to the villi and glands of intestinal mucosa: Grade 0, normal mucosa; grade 1, development of subepithelial Gruenhagen's space at the tip of the villi; grade 2, extension of the space with moderate epithelial lifting; grade 3, massive epithelial lifting with a number of denuded villi; grade 4, denuded villi with exposed capillaries and grade 5, disintegration of the lamina propria, ulceration and hemorrhage.
Measurement of D-lactate, diamine oxidase (DAO) and endotoxin levels in the serum. Portal vein blood samples were collected at the end of the experiment, and the serum was obtained via centrifugation at 3,000 x g for 15 min at 4˚C and then stored at -80˚C prior to analysis of D-lactate, DAO and endotoxin levels. The serum levels of D-lactate (AF7304-SP) and DAO (8298-AO-010) were determined using an enzymatic spectrophotometric assay with reagent kits according to the manufacturer's protocols (Sigma-Aldrich; Merck KGaA). The serum levels of endotoxin (YX1214) were determined using a Limulus Amebocyte Lysate Assay kit (Shanghai Biochemical Co., Ltd., Shanghai, China) according to the manufacturer's protocols.
ELISA. The intestinal tissue homogenates were centrifuged at 4,000 x g for 15 min at 4˚C, and the supernatants were transferred into fresh tubes for further analysis. Briefly, the total amount of intestinal protein was quantified using a Bicinchoninic Acid Protein Assay kit (Guangzhou Scissorhands Gene Technology Co., Ltd., Guangzhou, China). The concentrations of tumor necrosis factor-α [TNF-α; MM-0180R2, interleukin (IL)-6 (MM-0163M1), IL-1β (MM-0040M1)] and 8-iso-prostaglandin F 2a (8-iso-PGF 2a ; MM-43647M1) were measured using corresponding commercial ELISA kits (Guangzhou Scissorhands Gene Technology Co., Ltd.) according to the manufacturer's protocols. Absorbance at 450 nm was measured using an EL340 Biokinetics microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The levels of 8-iso-PGF 2α , TNF-α, IL-1β and IL-6 were calculated in pg/mg.
Quantification of malondialdehyde (MDA) and superoxide dismutase (SOD) activity in the small intestinal mucosa.
Samples of small intestinal mucosa was homogenized with normal saline, frozen at -20˚C for 5 min, and centrifuged at 4,000 x g for 15 min at 4˚C. The supernatants were transferred into fresh tubes for evaluation of the MDA levels and SOD activity at 37˚C with thiobarbituric acid and SOD detection kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), respectively, according to the manufacturer's protocols. The final concentration of MDA in the intestinal mucosa was calculated in nmol/(mg protein), and the levels of SOD activity were calculated in U/(mg protein).
Western blotting analysis. Total protein was extracted from the intestinal mucosa using ice-cold radio immunoprecipitation assay buffer (Sigma-Aldrich, Merck KGaA) and the protein concentration was quantified using a Bicinchoninic Acid Protein Assay kit (Sigma-Aldrich, Merck KGaA). Then, protein samples (50 µg/lane) were separated via 10% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% bovine serum albumin (Cell Signaling Technology, Inc., Danvers, MA, USA) for 1 h at 37˚C. The membranes were subsequently incubated with the following primary antibodies overnight at 4˚C (all from Santa Cruz Biotechnology, Inc., Dallas, TX, USA): Anti-p85 (sc-1637; 1:1,000); anti-p-p85 (1:1,000; sc-12929); anti-Akt (1:1,000; sc-5298); anti-p-Akt (1:1,000; sc-293125); anti-Nrf2 (1:1,000; sc-722) and anti-GAPDH (1:1,000; sc-47724). The membranes were subsequently washed with 5% non-fat milk in TBS containing 1% Tween-20, and incubated with horseradish peroxidase-conjugated secondary antibody (1:2,000; HAF019, Santa Cruz Biotechnology, Inc.) for 1 h at 37˚C. GAPDH was used as an internal control. Protein bands were visualized using an enhanced chemiluminescence detection system (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) and protein expression was quantified using ImageJ software 2.x (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis.
All experiments were repeated in triplicate and all data were expressed as the mean ± standard deviation. Analysis was performed using GraphPad Prism version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). One-way analyses of variance were performed for multiple comparisons, followed by post-hoc Bonferroni tests to compare unpaired values. P<0.05 was considered to indicate a statistically significant difference.
Results
GRb1 attenuates IIR-induced pathological alterations in the intestine.
It has previously been reported that GRb1 ameliorates lung injury and cardiac IR injury due to its antioxidative properties (21, 22) . In the present study, it was demonstrated that 75 min of ischemia, followed by 3 h of reperfusion, induced severe damage to the small intestinal mucosa. The villi and glands appeared normal in the Sham group, with no neutrophil infiltration detected in the mucosal epithelial layer, whereas numerous erosion and bleeding sites were observed in the IR group (Fig. 1A and B) . It was revealed that pre-treatment with GRb1 significantly attenuated the extent of small intestinal injury; only mild edema of the mucosal villi and a small number of necrotic epithelial cells were observed in the mucosal epithelial layer (Fig. 1C) . Conversely, WM exacerbated IIR injury, with increased erosion and bleeding, and neutrophil infiltration was promoted in the intestinal mucosa (Fig. 1D) . Furthermore, the protective effects of GRb1 against IIR injury were markedly attenuated by WM (Fig. 1E ). In accordance with the alterations in intestinal morphology, the Chiu scores were significantly increased in the IR group compared with the Sham group (P<0.05; Fig. 1F ). Treatment with GRb1 prior to ischemia significantly reduced the Chiu score (P<0.05), whereas WM treatment significantly increased the Chiu score compared with the IR group (P<0.05). The results suggested that pre-treatment with GRb1 attenuated IIR-induced pathological alterations in the small intestine and that WM, an inhibitor of the PI3K/Akt signaling pathway, suppressed the protective effects of GRb1.
GRb1 increases the integrity of the intestinal mucosal barrier following IIR injury.
The serum levels of D-lactate, DAO and endotoxin were determined in blood samples obtained from the portal vein. High serum levels of D-lactate and DAO indicate increased permeability of the intestinal mucosa (23), whereas the levels of endotoxin are associated with the degree of injury to the intestinal mucosal barrier (24) . As presented in Fig. 2 , it was demonstrated that the serum levels of D-lactate, DAO and endotoxin were significantly increased in the IR group compared with the Sham group, indicating that IIR disrupted the integrity of the intestinal mucosal barrier (P<0.05). Pre-treatment with GRb1 significantly decreased the serum levels of D-lactate, DAO and endotoxin compared with the IR group (P<0.05), whereas pre-treatment with WM further increased the levels of these factors compared with the IR group (P<0.05). There were no significant differences in the serum levels of D-lactate, DAO or endotoxin between the IR and IR + GRb1 + WM groups (P>0.05). The results suggested that the effects of IIR on intestinal injury and mucosal permeability were attenuated by GRb1, whereas inhibition of the PI3K/Akt signaling pathway promoted further damage to the intestinal mucosa.
GRb1 suppresses proinflammatory cytokine secretion following IIR injury. IIR injury is characterized by the secretion of proinflammatory cytokines and the infiltration of neutrophils into the intestinal mucosa (25) . As presented in Fig. 3 , the expression levels of intestinal TNF-α, IL-6 and IL-1β in rats subjected to IIR were significantly increased compared with the Sham group (P<0.05), consistent with our previous findings (26) . Furthermore, pre-treatment with WM promoted further increases in the expression levels of TNF-α, IL-6 and IL-1β compared with the IR group (P<0.05); conversely, GRb1 significantly downregulated the expression of the aforementioned proinflammatory cytokines following IIR (P<0.05). The results indicated that administration of 15 mg/kg GRb1 attenuates the secretion of proinflammatory cytokines and the activation of neutrophils, whereas WM had opposing effects.
GRb1 attenuates oxidative stress induced by IIR injury.
It has previously been reported that IIR mediates acute lung injury via increases in free radical species production and oxidative stress-induced lipid peroxidation (27) . In the present study, the mechanisms underlying the protective effects of the PI3K/Akt signaling pathway on IIR injury were investigated. Consistent with the aforementioned findings, 75 min of ischemia followed by 3 h of reperfusion significantly increased the intestinal levels of MDA and 8-iso-PGF 2α , but reduced the activity levels of SOD compared with the Sham group (P<0.05; Fig. 4) . Additionally, WM significantly increased the levels of MDA and 8-iso-PGF 2α , and decreased the activity of SOD compared with the IR group (P<0.05), whereas GRb1 had opposing effects (P<0.05). Collectively, the results suggested that GRb1 alleviates intestinal injury during IIR via the inhibition of oxidative stress.
Pre-treatment with GRb1 activates the PI3K/Akt/Nrf2 signaling pathway in IIR injury.
It has previously been reported that the PI3K/Akt signaling pathway is associated with injury following IIR (28, 29) . In the present study, the association between PI3K/Akt signaling and the protective effects of GRb1 were investigated by determining the intestinal expression levels of p85, Akt and Nrf2 following IIR. As presented in Fig. 5 , IIR induced the activation of PI3K, as determined by the significantly increased phosphorylation of p85 compared with the Sham group (P<0.05). Similarly, the relative expression of intestinal p-Akt in the IR group was significantly increased compared with in the Sham group (P<0.05). Pre-treatment with GRb1 further increased the levels of p-p85 and p-Akt compared with the IR group, whereas WM had opposing effects. Additionally, the expression levels of Nrf2 were significantly increased following pre-treatment with GRb1 compared with the IR group (P<0.05). Conversely, pre-treatment with WM significantly decreased the levels of Nrf2 expression compared with the IR group (P<0.05). No significant differences in the levels of phosphorylation or Nrf2 expression were observed between the IR and IR + GRb1 + WM groups (P>0.05). Collectively, the results suggests that the PI3K/Akt/Nrf2 signaling pathway is involved in mediating the protective effects of GRb1 against injury following IIR.
Discussion
IIR injury is a leading cause of morbidity and mortality in various diseases, as it may induce serious damage in nearby and remote organs, and lead to multiorgan dysfunction (30) . Therefore, an improved understanding of the pathophysiological mechanisms underlying IIR injury may lead to more effective prophylaxis and treatment of this condition.
A previous study reported that the 7-day survival of Sprague Dawley rats treated with 75 min of SMA occlusion followed by 3 h of reperfusion was 41.7% (2) . In the present study, it was demonstrated that this treatment induced substantial IIR injury in a rat model, as determined by the pathological morphology observed in the intestine and increased Chiu scores. These findings were consistent with a previous study (31) , and indicated that the rat model of IIR injury was well-established.
Ginseng has been one of the most extensively used herbal medicines in eastern Asian countries for >2,000 years (32).
Ginsenoside is the major pharmacologically active ingredient of ginseng and has been noted for its biological properties, including antioxidation, signal transduction and interactions with receptors (33) . GRb1, one of the principal bioactive ingredients in ginsenoside, exhibits pharmacological properties, including anti-inflammation, antifatigue and neuroprotection (34) (35) (36) . Various studies have reported that GRb1 protects against the IR-induced injury of numerous organs, including the heart and kidneys (37, 38) . Additionally, activation of the PI3K/Akt pathway attenuates injury and alleviates damage to organs, such as the intestine and lungs (39, 40) . The effects of GRb1 on IIR injury and the underlying mechanisms have not yet been fully investigated. In the present study, it was demonstrated that GRb1 attenuates IIR injury in rats, potentially by suppressing inflammatory responses and oxidative stress. The effects of GRb1 on the PI3K/Akt pathway were determined via western blotting. It was revealed that the relative expression of p-p85 in the IR + GRb1 group was increased compared with in the IR group. Activation of p85 promotes the phosphorylation of Akt; the levels of p-Akt expression were also significantly upregulated in the IR + GRb1 group compared with in the IR group. Collectively, these findings indicated that GRb1 attenuates IIR-induced inflammation and oxidative stress by activating the PI3K/Akt pathway. (41); acute IIR may disrupt normal intestinal structure and increase the permeability of the barrier. D-lactate is produced by various bacteria in the gastrointestinal (GI) tract; as mammals lack the required enzymes for D-lactate degradation, increased serum levels of D-lactate serve as biomarkers of damage to the intestinal mucosa (42) . DAO is a highly active intracellular enzyme that primarily resides in the cytoplasm of cells of the intestinal villus, and the serum expression levels of DAO can also increase following impairments in intestinal mucosal barrier function (43) . Numerous studies have indicated that combined quantification of the levels of D-lactate and DAO in peripheral blood may indicate structural and functional alterations in intestinal mucosa permeability with more reliability than individual markers in certain GI diseases (44, 45) . Endotoxins are structural molecules in the walls of gram-negative bacilli and potently induce a variety of disorders, including sepsis, infectious shock and gut-derived bacteremia (46) . Yuan et al (47) reported that intestinal mucosal barriers are damaged following liver transplantation in rats due to intestinal congestion; enterogenous endotoxins can enter the bloodstream and be transported to other organs, leading to multiorgan dysfunction. In the present study, the serum levels of D-lactate, DAO and endotoxin were determined in a rat model of IIR. The results suggested that permeabilization of the intestinal mucosal barrier may be an important factor underlying intestinal injury during IIR. Additionally, pre-treatment with GRb1 significantly decreased the serum levels of D-lactate, DAO and endotoxin following IIR, suggesting that it improved the integrity of the intestinal mucosal barrier.
Previous studies involving rodent models of IIR have reported that IIR injury leads to the damage of nearby and remote organs via the secretion of proinflammatory cytokines, and the induction of oxidative stress and apoptosis following mast cell degranulation (48, 49) , thereby adversely affecting disease prognosis. IIR injury is characterized by a dysregulated inflammatory response, during which TNF-α, IL-6 and IL-1β have been demonstrated to serve important roles, such as in leukocyte chemotaxis (50) . In the present study, it was revealed that IIR decreased the intestinal activity of the antioxidative enzyme SOD, and increased the levels of oxidative stress mediated by the end products of lipid peroxidation, MDA and 8-iso-PGF 2α . This may represent a possible mechanism of IIR. Ginseng extract has been demonstrated to exhibit immunomodulatory properties in various diseases (51). Tan et al (34) reported that GRb1 induced potent anti-inflammatory effects in postoperative ileus and contributed to the recovery of GI motility. Oh et al (52) reported that GRb1 possessed antiphotoaging properties in skin by scavenging ROS, decreasing the expression levels of matrix metalloproteinase-2 and enhancing antioxidant activity in keratinocytes under ultraviolet B irradiation. In the present study, pre-treatment with GRb1 significantly increased the activity levels of SOD, and reduced the secretion of inflammatory cytokines and oxidative stress factors following IIR, including TNF-α, IL-6, IL-1β and MDA; however, WM significantly attenuated the aforementioned anti-inflammatory and antioxidative effects of GRb1. Collectively, these findings were consistent with previous studies regarding the properties of GRb1, and indicated that cytoprotective mechanisms may underlie the beneficial effects of GRb1 during IIR injury.
The PI3K/Akt signaling pathway is crucial for the proliferation, differentiation, apoptosis and glucose transport of cells (53) . Previous studies have reported that the PI3K/Akt signaling pathway serves an important role in IR injury in certain organs. Kai-lan and Si (29) reported that activation of the PI3K/Akt signaling pathway suppresses nuclear factor κ-light-chain-enhancer of activated B cells-mediated inflammation in a rodent model of IIR. Yin et al (54) demonstrated that hyperbaric oxygen preconditioning protects against myocardial IR injury via the induction of a PI3K/Akt/Nrf2-dependent antioxidant defensive system. These findings were consistent with the results of the present study; however, other studies reported pathological effects of PI3K activity during IR. Zhang et al (55) revealed that dexamethasone protects mice against renal IR injury by supressing PI3K/Akt-mediated inflammatory responses. Furthermore, Zhu et al (56) demonstrated that catalpol ameliorates renal IR injury in a rat model via downregulation of PI3K/Akt-endothelial nitric oxide synthase signaling and inflammation. Collectively, these findings reveal the complex roles of PI3K in health and disease. Oudit et al (57) reported that PI3Kα and β were physiological stimuli for adaptive cardiac hypertrophy, whereas PI3Kγ was a pathological stimulus for maladaptive hypertrophy. Separate PI3K isoforms may serve distinct roles in health and disease, and the regulation of distinct PI3K isoforms may elicit opposing effects. Therefore, future experiments are required to further investigate the mechanisms by which GRb1 affects the function of PI3K isoforms.
The transcription factor Nrf2 is an important downstream target of the PI3K/Akt pathway (58) . In the present study, pre-treatment with WM exacerbated intestinal damage following IIR and significantly downregulated the expression of Nrf2 protein, whereas GRb1 increased the levels of Nrf2 expression. These results indicated that the PI3K/Akt/Nrf2 signaling pathway is involved in the protective effects of GRb1 against IIR injury.
The present study has certain limitations. The postoperative survival of rats subjected to IIR was not determined in the presence or absence of GRb1 and WM. Additionally, a PI3K activator was not included in the study to further investigate the involvement of PI3K/Akt signaling in the effects of GRb1 during IIR injury. Therefore, the aims of future experiments are to continue investigations into the exact mechanisms underlying the protective effects of GRb1.
In conclusion, the results of the present study suggested that GRb1 alleviates intestinal injury following IIR by activating the PI3K/Akt/Nrf2 pathway. The findings indicated that GRb1 may be a potential treatment for the prevention of IIR injury. Further research is required to evaluate the clinical efficacy of GRb1 and determine whether treatment with ginseng is beneficial in conditions associated with IIR. .05 vs. IR + GRb1. Akt, protein kinase B; GRb1, ginsenoside Rb1; IR, ischemia/reperfusion; Nrf2, nuclear factor erythroid 2-related factor 2; p85, regulatory subunit of Akt; p, phosphorylated; Sham, sham-operated group; WM, Wortmannin.
